ABSTRACT. The objective of the present study was to investigate single nucleotide polymorphisms (SNPs) located in three candidate genes previously reported to have effects on fertility and milk production traits in a population of 123 Holstein cows. The milk production traits evaluated included lifetime averages of milk yield, protein concentration, and fat concentration. Fertility traits evaluated included lifetime averages of services per conception and days-open. Candidate genes included those encoding diacylglycerol acyltransferase (DGAT1), leptin receptor (LEPR), and calpastatin (CAST). A total of 60 SNPs were selected (20 per gene) at equidistant locations on each candidate gene to identify potential linkage with causative mutations. Four SNPs were identified as being significantly associated with the evaluated fertility traits. Specifically, SNPs rs109663724 and rs137673193 were significantly associated with lifetime average days-open, while rs109663724 and rs135560721 were significantly associated with lifetime average number of services per conception. Five SNP (rs109663724, rs132699547, rs135423283,
INTRODUCTION
Dramatic improvements in milk yield have been observed over the past five decades (Butler and Smith, 1989; Washburn et al., 2002) , and modern Holstein cattle are now producing significantly more milk than in previous decades. The lactation cycle is initiated and renewed by parturition; therefore, an animal must have the ability to conceive, maintain a pregnancy, and rebreed in a timely manner (Lucy, 2001) . However, over recent decades, the major focus of selection in Holstein cattle has continued to center on increasing milk production. Consequently, over the same time period, a dramatic decline in reproductive efficiency has been reported in female Holstein. Washburn et al. (2002) reported that days-open and services per conception in Holstein cattle had increased from 124 to 168 days and 1.91 to 2.94, respectively, between 1976 and 1999. However, milk yield increased from 4753 to 6375 kg and fat yield increased from 228 to 282 kg during the same period.
Identification of single nucleotide polymorphisms (SNPs) located in candidate genes or regions of the genome reported to be associated with milk production and fertility traits may provide researchers and producers with a method that can be used to increase the accuracy of selection for lowly heritable traits like fertility while maintaining or improving milking ability. Three candidate genes of known physiological function were selected for investigation in the current study. The leptin receptor (LEPR), calpastatin (CAST), and diacylglycerol acyltransferase genes (DGAT1) were selected based on previously reported associations with fertility and milk production traits in Holstein cattle (Liefers et al., 2002; Ashwell et al, 2004; Garcia et al., 2006) . The three candidate genes utilized in the current study have been associated with triglyceride synthesis (Thaller et al., 2003) , expression in the mammary glands (Bartha et al., 2005) , first service per conception (Clempson et al., 2011) , and polymorphisms associated with daughter pregnancy rate (DPR) in dairy cattle (Garcia et al., 2006) .
The objective of the current study was to evaluate potential SNP associations in three candidate genes with fertility and milk production traits in a population of Holstein cows located in the southeastern United States.
MATERIAL AND METHODS
Experimental procedures were approved and performed in accordance with the International Animal Care and Use Committee guidelines for the use and care of animals in agricultural research (Approval No. AE-2009-21 Rouge, Louisiana, were utilized for the current study. All female Holstein were maintained on a dry mixed diet and were managed and evaluated at the above location. Lactating females were milked twice daily during their lactation cycle and milk production traits were collected and recorded for each individual for future analyses. Average lifetime production was calculated for milk yield, protein yield, fat yield, services per conception, and days-open, owing to animals of different ages varying in the number of lactation cycles.
For breeding purposes, a controlled internal drug release (CIDR) Synch protocol (Accelerated Genetics, Baraboo, WI, USA) was utilized prior to artificial insemination with frozen/ thawed semen to synchronize female Holstein. Females that did not respond to the CIDR Synch protocol were identified by visual heat detection and artificial insemination was repeated during the next observed estrus. Pregnancy status was determined utilizing the rectal palpation technique and subsequent management decisions regarding rebreeding or culling were made.
Blood samples were collected from all female Holsteins via tail vein vena puncture. Blood was transferred to 20-mL tubes and centrifuged at 4000 rpm at 4°C for 20 min. White blood cell buffy coats were extracted and transferred to 250-µL micro-centrifuge tubes. Genomic DNA was isolated and purified from buffy coats using a previously described saturated salt procedure (Miller et al., 1988) . DNA working solutions (200 µL) were prepared by diluting 25 ng/µL stock DNA with Tris EDTA buffer.
Sequences of SNPs located in the candidate genes (CAST, DGAT1, and LEPR) were identified from dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/). A total of 20 SNPs per candidate gene were selected by identifying SNPs that were evenly distributed over the entire length of each gene. This selection method was selected to account for possible linkage associations with potential causative mutations located on the candidate genes. Flanking sequences of SNPs and allele substitutions for LEPR, CAST, and DGAT1 are reported in Tables 1, 2 , and 3. IPLEX reactions for all SNPs were generated by NeoGen LLC (Lincoln, NE, USA) and genotyping assays were conducted by NeoGen LLC utilizing Sequenom genotyping technology (San Diego, CA, USA). The Sequenom technology is a MassArray platform that utilizes MALDI-TOF technology to detect the specific mass of uniquely amplified SNP alleles. 
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Animal data were analyzed using the mixed model procedure of SAS version 9.3 (SAS Institute Inc., Cary, NC, USA). The model included independent variables for birth year and individual candidate gene SNPs. Dependent variables fit to the model included average lifetime services per conception, average lifetime days-open, average lifetime milk yield, average lifetime fat yield, and average lifetime protein yield, which were evaluated to test for potential associations between SNPs and the previously described traits. Sire was fitted in the model as a random effect. The pdiff function of LSMEANS was utilized to evaluate significant differences in the performance of genotypes for SNPs that were identified as significant. All statistical analyses were conducted using previously described methodologies (White et al., 2005) . Any SNP with only one genotype was excluded from the evaluation owing to a lack of genotypic effects. Statistical significance was set at P < 0.05 and all SNPs reaching this level of significance were reported as being significantly associated with the trait of interest.
RESULTS
A total of four unique SNPs located on the three candidate genes were found to be significantly associated with the fertility traits of average lifetime days-open, and average lifetime services per conception (Table 4) . When evaluating days-open, two unique SNPs were reported, one located on each of the DGAT1 and CAST candidate genes. Animals inheriting the heterozygous genotype for the DGAT1 SNP had significantly longer periods of days-open than animals inheriting the major allele genotype. However, the opposite effect was observed for the significant SNP located in the CAST gene, where animals inheriting the major allele genotype had significantly longer periods of days-open than animals inheriting the heterozygous genotype. A similar effect was observed when evaluating average lifetime services per conception, for which two unique SNPs located on the DGAT1 and LEPR genes were identified as significant (P < 0.05). Animals inheriting the heterozygous genotype for the SNP located on the DGAT1 gene had significantly (P < 0.05) more average services per conception than animals inheriting the major allele genotype. However, animals inheriting the major allele genotype for the SNP located on the LEPR gene had significantly (P < 0.05) more services per conception than animals inheriting the heterozygous genotype of the same gene. No animals in the current study inherited the minor allele genotype for the evaluated SNPs.
a Major allele is shown to the left and the minor allele is shown on the left.
b All means differ at P < 0.05 within a row. Average lifetime services to conception LEPR C/T 2.30 ± 0.14 1.14 ± 0.33 0.03
Five unique SNPs were significantly associated (P < 0.05) or exhibited a statistical trend for association (P < 0.1) with the milk production traits of average lifetime milk yield, average lifetime protein yield, and average lifetime fat yield (Table 5) . Furthermore, all significant SNPs were located in the DGAT1 gene, with no animals inheriting the minor allele genotype and no SNP from the other candidate genes being significantly associated with milk production traits. Animals inheriting the major allele genotype for all SNPs had lower levels of average milk yield, average protein yield, and average fat yield as compared with animals inheriting the heterozygous genotype. Furthermore, SNP rs109663724 was significantly associated with both fertility traits evaluated in the current study as well as all evaluated milk production traits.
a Major allele is shown on the left and the minor allele is shown on the left.
b All means differ at P < 0.05 within a row. 
DISCUSSION
The results of the present study support the hypothesis that SNPs located within three candidate genes may be associated with both fertility and milk production traits in the dairy industry. Specifically, two SNPs located in the DGAT1 gene were found to be associated with both average lifetime services per conception and average lifetime days-open. SNPs associated with fertility traits have also been reported in dairy cattle for both the CAST (Liefers et al., 2002) and LEPR genes (Almeida et al., 2008) . However, these previous studies identified associations with DPR, longevity, and fertility during early lactation. Furthermore, previous research (de Vries and Veerkamp, 2000) has identified associations between SNPs on the DGAT1 gene with fat/protein ratios during early lactation that had negative effects on dairy cattle fertility. However, to our knowledge, this is the first study that has reported SNPs located on the DGAT1 gene to have direct effects on fertility traits.
It is surprising that no significant associations were found between SNPs located in the LEPR and CAST genes and milk production traits, since both genes have been previously reported to affect multiple production traits in both the beef and dairy industry (Casas et al., 2006; Schenkel et al., 2006; Juszczuk-Kubiak et al., 2008; Komisarek, 2010; Clempson et al., 2011) . However, previous studies have also reported candidate genes that are significantly associated with diverse traits such as milk production traits and disease resistance (Wang et al., 2015) . The results described herein indicate that five SNPs located in the DGAT1 gene are significantly associated (P < 0.05), or show a statistical trend for association (P < 0.1), with milk yield, milk fat, and milk protein. These findings are not surprising, since they are in agreement with those of previous studies that have associated the DGAT1 gene with milk yield, milk protein, and fat yield (Winter et al., 2002; Schenkel et al., 2006) .
The current study shows that a single SNP could be associated with multiple complex traits such as fertility and milk production. However, prior to implementing these SNPs into a marker assisted selection strategy, further experimentation is required. SNPs identified in the current study must be evaluated in larger populations and in diverse production environments. Furthermore, a greater number of SNPs and candidate genes must be evaluated in order to identify significant marker associations and SNPs that account for the largest degree of variability for the trait of interest. Multiple trait interactions must also be evaluated so that detrimental effects on other economically important traits can be avoided. The identification of numerous SNPs associated with fertility and milk production traits could potentially increase the accuracy of selection for dairy producers trying to incorporate increased performance, profit, and sustainability into their herds.
